Swertia mussotii Franch is an endangered medicinal plant in the Qinghai-Tibet Plateau. Its regeneration from callus culture is very difficult. In this study, an efficient method for plant regeneration was developed from its calli. The calli derived from young stem explants of S. mussotii were cultured at two types of temperature treatments to test their efficiency of shoot regeneration. When the calli were cultured at variable temperature (VT, 20˚C during the day and 10˚C at night) treatment, the adventitious shoots were formed at each combination tested. However, that did not occur when the calli were cultured at constant temperature (CT, 25˚C) treatment. The best response (53.7%) of plantlet regeneration was obtained on Murashige and Skoog (MS) medium containing 3 mg·l −1 6-benzylaminopurine with 0.5 mg·l −1 α-naphthaleneacetic acid in the VT treatment. The regenerated plantlets were rooted on half-strength MS medium without growth regulators. They flowered in the following subculture. The results indicate that the treatment of day-night temperature difference is a critical factor to callus differentiation in S. mussotii. This protocol can be used for conservation as well as mass propagation of this medicinal plant.
Introduction
Swertia mussotii Franch, commonly known as "Zang Yin Chen" in China, is an annual herb in the family Gentianaceae. It grows mainly in the alpine and subalpine belts in the Qinghai-Tibet Plateau at altitudes of 3200 to 4000 m [1] . S. mussotii are collected and used mostly for their medicinal effects. Its major active compounds have been shown to be swertiamarin, mangiferin and gentiopicroside, which possess unique medicinal properties against rheumatism, osteoarthritis, hepatitis, gastritis and cholecystitis [2] . A medicine has been produced from this plant and sold as capsules for the treatment of these diseases [1] . Demand for S. mussotii in the pharmaceutical industry is met from the wild. As a result of over harvesting and lack of organized cultivation, S. mussotii is now on the list of rare and threatened species in China. S. mussotii regenerates through seeds. However, its germination is low and progresses slowly under natural conditions [3] . Therefore, it is imperative to develop appropriate tissue culture techniques for this species.
Plant tissue culture provides a viable alternative for managing these valuable resources in a sustainable manner. Plant propagation via in vitro micropropagation is one of the easiest and fastest methods of producing numerous plantlets in a limited time period [4] . Most importantly, micropropagation provides an efficient protocols for conservation of plant biodiversity and multiplication of the endangered species. Recently, in vitro propagation procedures have been adopted for large-scale propagation of a number of medicinal plants in the family Gentianaceae [5] [6] [7] [8] [9] [10] . Despite being a valuable medicinal plant, very little work has been done on tissue culture of S. mussotii. Xiang et al. [11] described callus induction from immature embryos, hypocotyl and leaf segments of this species, but they failed to obtain regenerated shoots from these calli. A similar result without plantlet regeneration from calli of S. mussotii was reported by Liu and Chen [12] . Previous researches have indicated that shoot regeneration from calli of S. mussotii was difficult [11, 12] . In this study, we established an efficient regeneration protocol using young stem derived calli of S. mussotii by treatment of day-night temperature difference. This in vitro propagation protocol should be useful for conservation as well as mass propagation of this endangered species. ) for proliferation. Calli were subcultured at 3 weeks intervals.
Materials and Methods
For plantlet regeneration, the calli were transferred to MS medium supplemented with 0.5 -4 mg·l −1 BA alone or in combination with α-naphthaleneacetic acid (NAA) (0.5, 1 mg·l
−1
). The calli were cultured at two types of temperature treatments to test their efficiency of shoot regeneration. One type was constant temperature (CT, 25˚C) treatment; the other was variable temperature (VT, 20˚C during the day and 10˚C at night) treatment. The regeneration frequency was scored after 6 weeks of culture. The regenerated plantlets (1 -2 cm in height) were initially maintained on half-strength MS medium without growth regulators for rooting.
Each treatment consisted of 20 replicates and each experiment was repeated at least three times. Data were analyzed statistically using Duncan's multiple range test [14] .
Results and Discussion
Difficulty in seed germination of S. mussotii was reported by Yang and Liu [3] . In this study, approximately 17% of the seeds germinated within 4 weeks of inoculation on the growth regulator-free MS medium. The seeds developed into plantlets (3 -4 cm) consisting of four to five leaves within 2 months of germination. Young stem explants from these seedlings were subsequently used for all experiments.
Swelling and expansion in the explants were observed 4 -5 days after culture initiation. Callus formation started after 10 days from the cut ends of the stem segments. After 6 weeks of culture, two types of calli were recognized. One type consisted of soft, white calli; the other consisted of nodular, yellow calli (Figure 1(A) ). Table 1 shows the effects of different concentrations of 2,4-D and BA on callus formation. The induction frequency of callus ranged from 58.0% to 90.1% depending on the 2,4-D concentrations. With an increase in the 2,4-D concentrations, the induction frequency was increased, but it declined at the highest concentration (4 mg·l
−1
). In general, auxins play a critical role in the induction of callus. However, high concentrations of auxin restrain their further development. Choi et al. [15] assumed that higher concentrations of 2,4-D might result in a greater possibility of somatic mutation. The use of cytokinins in combination with auxins has been reported to promote callus induction [16] . Similarly, we observed that the addition of 0. ) for subculture. On this medium, the soft, white calli grew slowly, most of them turned brown and eventually died as a result of a watery substance covering the calli. The nodular, yellow calli exhibited rapid growth, most of them became more compact in structure (Figure 1(B) ). Therefore, the yellow nodular calli were used in further tissue culture steps. Of the concentration tested, 0.5 mg·l −1 2,4-D may be the optimal concentration for subculture.
After 6 weeks of subculture, the calli were transferred to the regeneration medium. They were cultured in the CT and VT treatments, respectively. As shown in Table  2 , the regeneration potential of the calli was greatly influenced by different treatments and growth regulators added to the medium. The capacity of plant regeneration from the calli cultured in the VT treatment was signifycantly higher than that cultured in the CT treatment (Table 2). In the VT treatment, adventitious shoot formation was observed at each combination tested ( Table 2, Figures 1(C)-(E) ). However, no shoot formation was observed in the CT treatment ( Table 2 ). In the CT treatment, only adventitious roots were observed on the surface of calli (Figure 1(F) ). Similar results were reported previously in other Swertia plants, such as S. franchetiana [17] and S. davidii [18] .
S. mussotii is one of alpine plant species, which distributes mainly in the Qinghai-Tibet Plateau. The unique climate of this region is characterized by large temperature difference between day and night. By the long-term of natural selection, S. mussotii possesses special acclimation structures and mechanisms that allow them to survive in this environment. It was useful for plant tissue culture to consider the environmental conditions in the original regions of the plant species [10] . In this study, cultures were maintained at 20˚C during the day and 10˚C at night, which approached the environment temperature of S. mussotii growth. Similar culture condition was reported previously in Saussurea laniceps, an alpine plant growing in the Qinghai-Tibet Plateau [19] . Unfortunately, the frequencies of shoot regeneration were relatively low in the VT treatment ( Table 2) . This was probably due to the fact that a few calli produced directly adventitious roots instead of shoots in this treatment. In the VT treatment, the highest frequency (53.7%) of plantlet regeneration was obtained on MS medium containing 3 mg·l −1 BA with 0.5 mg·l −1 NAA ( Table 2) . Although previous researches reported the callus formation from S. mussotii, shoot regeneration was not obtained from these calli [11, 12] . In this study, however, we obtained successfully adventitious shoots from the calli by treatment of day-night temperature difference. Our results indicated that the treatment of day-night temperature difference was a critical factor to callus differentiation in S. mussotii. However, the functional mechanism of this treatment in promoting this plant regeneration is not clear. We assumed that the calli of S. mussotii might experience changes during the treatment on a molecular and/or cellular level, resulting in the enhancement of regeneration efficiency. Further experiments to determine the effects of temperature in the original regions of S. mussotii on its in vitro culture are in progress.
When multiple shoots grown on regeneration medium were divided and transferred to rooting medium, thick white roots developed in about 4 weeks (Figure 1(G) ). Interestingly, the regenerated plantlets flowered in vitro after 3 months of subculture (Figure 1(H) ). In vitro flowering was also reported previously in other plants [20, 21] . In report of Makunga and Staden [20] , in vitro flowering in Salvia Africana-lutea became apparent seasonally throughout the year. In Psygmorchis pusilla, a positive relationship was observed between long days and floral spike formation [21] . In this study, we assumed that in vitro flowering in S. mussotii might be related to day-night temperature difference treatment. Because in vitro flowering was not observed when the regenerated plantlets were subcultured at constant 25˚C. However, no fertile seeds were obtained from the regenerants flowered in vitro.
In conclusion, an efficient regeneration protocol via indirect adventitious shoot formation was established from young stem explants of S. mussotii, an endangered medicinal plant. This in vitro technique should be a very useful tool for the conservation and propagation of S. mussotii.
